The notoriously low fidelity of HIV-1 replication is largely responsible for the virus's rapid mutation rate, facilitating escape from immune or drug control. The error-prone activity of the viral reverse transcriptase (RT) is predicted to be the most influential mechanism for generating mutations. The low fidelity of RT has been successfully exploited by nucleoside and nucleotide analogue reverse transcriptase inhibitors (NRTIs) that halt viral replication upon incorporation. Consequently, drug-resistant strains have arisen in which the viral RT has an increased fidelity of replication, thus reducing analogue incorporation. Higher fidelity, however, impacts on viral fitness. The appearance of compensatory mutations in combination with higher fidelity NRTI resistance mutations and the subsequent reversion of NRTI-resistant mutations upon cessation of antiretroviral treatment lend support to the notion that higher fidelity exacts a fitness cost. Potential mechanisms for reduced viral fitness are a smaller pool of mutant strains available to respond to immune or drug pressure, slower rates of replication, and a limitation to the dNTP tropism of the virus. Unraveling the relationship between replication fidelity and fitness should lead to a greater understanding of the evolution and control of HIV.
Introduction

R
NA viruses commonly exist as quasispecies, harboring enormous genetic diversity, primarily as a result of low replication fidelity. This diversity allows them to adapt to differing environments and to pressure from immune responses, antiviral drugs, and vaccines. 1 Low replication fidelity is important for the survival of many RNA viruses. A poliovirus mutant with increased fidelity of replication was unable to adapt to adverse growth conditions 2 and a mutant arbovirus with decreased genetic diversity was also attenuated. 3 Herein, we discuss the fitness costs that arise from increased replication fidelity of HIV and the possible mechanisms underpinning these costs.
HIV-1 has a remarkably low fidelity of replication, resulting in rapid mutation and, consequently, the ability to rapidly escape control by the immune system, antiretroviral drugs, and vaccines. 4 The sequences of HIV-1 genomes vary greatly, both between infected individuals and within an infected patient. 5, 6 The low fidelity of HIV replication is a result of the error-prone nature of the reverse transcriptase (RT), as well as numerous other potential sources of variation discussed below. The HIV RT lacks the proofreading ability of cellular polymerases and, despite sharing the structural elements of high-fidelity polymerases, 7 it has a fidelity that is considerably lower than cellular RNA polymerases and also lower than other retroviral RTs. 8, 9 HIV RT's relatively high affinity for dNTPs is likely to underpin its error-prone polymerization. 10 The low fidelity of HIV RT can be exploited with nucleoside and nucleotide reverse transcriptase inhibitors (referred to here collectively as NRTIs), which are analogues of natural nucleosides and nucleotides. NRTIs are less effective against host DNA and RNA polymerases, which have higher fidelity. Resistance to NRTIs is a significant challenge to the effective treatment of HIV, and many different NRTIresistant strains of HIV-1 have been characterized. 11 It is not surprising that among them are RTs that have a higher fidelity of replication, incorporating less of the NRTI than of natural nucleosides. Higher fidelity, however, comes at a cost to the virus, which is the main subject of this review.
infected individual (estimated at 10.3 · 10 9 HIV virions/day) is expected to exacerbate these effects. 13 The APOBEC3 family of cellular proteins inhibits retroviral pathogenesis by hypermutating the ssDNA copy or by blocking reverse transcription. APOBEC3G is the family member that most potently inhibited HIV-1 replication, at least under certain conditions. 14 This cellular cytidine deaminase is incorporated into HIV virions where it ultimately leads to G-to-A mutations in the daughter genomic copies of the virus. In the absence of vif, multiple G-to-A mutations of HIV-1 cripple the virus.
14 Vif, however, reduces the activity of APOBEC3G by promoting its ubiquitinization and degradation. The extent to which APOBEC3G contributes to genetic variation in HIV during the course of an infection is currently controversial, with some studies indicating that it contributes to variation by a sublethal level of mutagenesis, 15 whereas other data are consistent with an ''All or Nothing'' phenomenon. 16 Previously, the process of reverse transcription has been predicted to be the most error-prone step in the HIV replication cycle; 17 however, these studies occurred prior to the characterization of APOBEC3G. This review focuses on the effects of higher fidelity RT mutants on viral fitness, but we note that the activity of APOBEC3G will likely have important consequences for viral fitness that should be better understood in the near future.
Reverse Transcription of HIV
The RT enzymes of retroviruses are unique among polymerases in that they use either an RNA or DNA template to make a DNA copy, culminating in a double-stranded DNA copy of the RNA genome of the virus. The RT of HIV performs two enzymatic activities: polymerization of DNA from template and degradation of the RNA template, performed by its RNase H domain. Unlike many eukaryote cellular polymerases, HIV RT contains no intrinsic proofreading capability.
The process of HIV reverse transcription, summarized here, has been the subject of recent, comprehensive reviews. 4 HIV RT uses the genomic RNA (plus strand) and a cellular tRNA primer to synthesize the first strand of DNA. An RNA/ DNA duplex is thus created, which is a substrate for the RNase H domain of RT. Once the first strand of DNA is synthesized, almost all the genomic RNA will be degraded, with the exception of two purine-rich sequences (polypurine tracts) that are resistant to RNase H cleavage. These short segments of RNA serve as primers for the synthesis of the second DNA strand and are eventually replaced with a DNA copy, finally resulting in the production of a double-stranded DNA copy of the virus.
The RT enzyme of HIV is a heterodimer of two subunits made from the same gene. The larger p66 subunit contains the two catalytic domains (polymerase and RNase H) and the smaller p51 subunit is believed to play a structural role. 18 HIV-1 RT crystal structures have been useful in determining which regions of the RT directly influence polymerization and where incoming dNTPs are added to the newly synthesized DNA strand. 18 The polymerase domain is often compared to a hand, consisting of ''fingers,'' ''palm,'' and ''thumb''-like structures (Fig. 1) . The end of the primer is positioned near the active site (the palm) where three negatively charged residues (D110, D185, and D186) interact with Mg 2 + ions associated with the incoming dNTP. Specific amino acid residues within the palm, fingers, and thumb regions are involved in processes such as template binding, primer binding, and dNTP interactions. Pertinent to this review are the residues K65, L74, V148, and Q151, involved in dNTP interactions, M184, which directly interacts with the primer, and E89, involved in template interactions (Fig. 1) . 18 Specific mutations of these residues have been associated with a higher fidelity of replication (Table 1) .
Higher Fidelity as a Mechanism of NRTI Resistance
The low fidelity of HIV RT is exploited during antiretroviral therapy by the use of NRTIs. These drugs mimic natural nucleosides, but usually lack the 5¢-OH group 11 that is required for addition of the next nucleotide. While these drugs are quite effective in combination therapy, drug resistance can emerge during treatment if taken intermittently or as mono-or dual-therapy. 19 Drug resistance is mediated by two general mechanisms: the removal of NRTIs from the newly synthesized DNA strand (pyrophosphorolysis) and an
FIG. 1.
Detail of the structure of wild-type HIV-1 reverse transcriptase cross-linked to dsDNA and AZTppppA 66 generated from the NCBI Structure database (MMDB ID: 85000) using Cn3D. The main diagram shows the polymerase active site in detail, with the full structure in the insert. The amino acid residues described in Table 1 are in yellow. The green line depicts the position of the primer and the orange line the template. The upper left side pink domain depicts the ''fingers,'' the lower central pink domain is the ''palm,'' containing the active site, and the gray domain is labeled the ''thumb.'' Color images available online at www.liebertpub.com/aid THE HIGH COST OF FIDELITYincrease in the selectivity for correct dNTPs, which in some cases significantly change replication fidelity. 20, 21 NRTI resistance, mediated by increasing selectivity for dNTPs, can occur through increased rigidity in the RT's active site that decreases its affinity for analogues. 22 This leads to increased selectivity for correct dNTPs, or a general reduction in dNTP affinity, 10, 22 resulting in a higher fidelity of replication. Many higher fidelity NRTI-resistant mutants have been characterized and their mechanisms of resistance explored ( Table 1 ). The best characterized of these mutants is K65R, which commonly arises during treatment with zalcitabine (ddC), didanosine (ddI), lamivudine (3TC), or tenofovir (TDF) 11 and has an estimated 8-fold increase in fidelity compared to the same HIV strain with no mutation at K65, in reporter gene assays.
23 Table 1 also includes the Q151N mutant of RT that rarely arises in vivo, but is a well-characterized example of a mutant with higher fidelity. In terms of molecular biology, the consequences of increased fidelity in vitro include (1) a reduction in the amount of NRTI incorporated during polymerization, (2) a reduction in incorrect is an important example of a higher fidelity RT mutant, but uncommon as an NRTI-resistant mutant. AZT, 3¢-azido-3¢-deoxythymidine; 3TC, lamivudine (2¢,3¢-dideoxy-3¢-thiacytidine); ddI, didanosine (2¢,3¢-dideoxyinosine); ddC, zalcitabine (2¢,3¢-dideoxycytidine); TDF, tenofovir, ddGTP: 2¢,3¢-dideoxyguanosine; WT, wild type; RT, reverse transcriptase.
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LLOYD, KENT, AND WINNALL natural nucleotide incorporation, and generally (3) a decrease in the efficiency of reverse transcription. Selectivity increases fidelity, but the predicted cost of fidelity is viral fitness. It is interesting to note that the process of pyrophosphorolysis, which removes incorporated NRTIs, may also have an impact on replication fidelity. During in vitro assays, pyrophosphorolysis was able to significantly influence the fidelity and selectivity of HIV-1 RT. 24 As a consequence of pyrophosphorolysis, lesions are produced that need to be repaired or bypassed. Although not the main focus of this review, it should be noted that the repair and bypass processes at these lesions play a significant role in determining the ability of HIV RT to misincorporate nucleotides. 24 
Analyzing Fidelity Using in Vitro Assays
The overall fidelity of an enzyme involves the interaction of different factors that are defined in Table 2 . The most important of these are misinsertion (insertion of an incorrect nucleotide or nucleotide analogue) and mismatched extension (polymerization past a misinsertion). A number of in vitro assays can provide specific information about these processes.
There are three broad categories of in vitro assay that have been used to quantitatively assess RT fidelity. First, there are assays that determine catalytic constants (i.e., V max , K m ) and the efficiency of insertion or extension at a given nucleotide, referred to here as kinetic assays. Second, there are assays that use reporter gene constructs to assess the frequency of mutation, which we refer to as reporter gene assays. Third, there are ''cell-based'' assays that transfect cells with reporter genes and virus to measure the frequency of mutation. It should also be noted that qualitative biochemical assays have also been used, where the ability of RT to polymerize in the absence of a specific dNTPs is measured by gel electrophoresis. These assays do not produce quantitative values and have mostly been superseded by the ones discussed below.
Kinetics assays are cell free and combine a template, primer, and purified RT, to which dNTPs are added, allowing polymerization. Two kinetic parameters are determined from these reactions: V max , in %/min, which is defined as the maximum reaction rate of the enzyme, and K m , in lM, defined as the substrate concentration at which 1/2V max occurs (Fig. 2) . These constants can be used to calculate f ins , the efficiency of misinsertion (also referred to as frequency of misinsertion or fidelity of misinsertion), at a given nucleotide by the following equation:
In this equation, the frequency of misinsertion is calculated as the ratio of the efficiency of insertion of the wrong nucleotide (W) compared to the right nucleotide (R). 25 The efficiency of misinsertion is used as a measure of fidelity, where a high f ins indicates a low fidelity. Insertion efficiency beyond a mismatched template/primer can be quantified using similar methods. 26 The efficiency of misinsertion and efficiency of extension beyond a misinsertion contribute to fidelity. However, fidelity is multifactorial and cannot be calculated by these two factors alone.
Reporter gene assays measure misincorporation during polymerization of an entire gene. The most common reporter gene assay is the M13-based forward mutation lacZa assay. The RT of interest is combined with bacteriophage DNA that has a section of single-stranded DNA over the length of the reporter gene (lacZa). 27 The enzyme polymerizes over the gap and the resulting products are transfected into bacteria. Error-free synthesis is observed by the dark blue color of these colonies. Light blue or colorless colonies are analyzed by sequencing their lacZa gene to detect mutations. 28 However, only mutations that result in the loss of LacZa protein function are reported, since errors that do not interfere with the function of lacZa are not selected for.
Cell-based assays employ reporter gene constructs in a way similar to the cell-free reporter gene assays described above. In these assays, cell lines are transfected with the reporter gene construct, such as lacZa, as part of the vector The maximum reaction rate of an enzyme in %/min (see Fig. 2 ) K m Substrate concentration required for ½ V max (see Fig. 2 virus sequence. 29 Cells are then analyzed for phenotype changes by observation of color change (as above), or by flow cytometry in the case of fluorescent reporters. Once again, these assays detect only changes that affect report gene function. However, they have the advantage of including viral and host cell factors that interact with the RT complex, affecting its function. 30 While these assays provide important quantitative data on the fidelity of specific mutant RTs, there are limitations to these techniques. All of these assays employ templates that are not reflective of the HIV genome. Kinetic and cell-free reporter gene assays use purified RT where viral and host cell factors that are part of the in vivo RT complex are absent. 30 This is perhaps reflected by studies showing that the purified RT has a higher mutation rate than whole virus in vivo. 31 The range of methods and reagents (primers, templates, reporter genes) in these assays varies widely, which may explain the variation in fidelity data for a given mutant, as described in Table 1 . Despite this variation, these assays have an encouraging consensus; experiments using each assay suggested that the RT mutants described in the table have a higher fidelity than ''wild-type'' (unmutated) RT.
Lower Viral Fitness: The High Cost of Fidelity
The capacity of a virus to produce infectious progeny (replicate), in comparison to another strain of the same virus, is termed the ''fitness'' of the virus. Where a mutation reduces the relative replication capacity of a virus this is referred to as a ''fitness cost.'' Fitness costs can be measured in a number of increasingly sophisticated ways. On a simple level, replication kinetics of HIV variants in cell lines can be compared, although this is relatively insensitive to subtle fitness costs. A competition assay, where two viruses are seeded into tissue culture for a period of time and the ''winning'' viral strain is detected at the end of the culture, is a fairly sensitive assay, particularly if performed in primary blood CD4 T cells rather than cell lines. 32 An effective but expensive method to assess fitness is to observe the reversion of particular mutations in vivo in macaque infection experiments with SIV or chimeric SHIV viruses. 33 These experiments more accurately reflect the total fitness impact of any given mutation. One final in vivo method that is useful for testing the fitness cost of drug-resistant mutants involves monitoring the decay of drug-resistant virus in patients who have stopped treatment with a specific antiretroviral. 34, 35 The main advantage of these studies is that they translated readily to clinical situations because they involved humans. However, only drug-resistant mutants can be tested in this fashion, whereas compensatory mutations also need to be taken into account.
There is evidence that altering the fidelity of the RT, by either increasing or decreasing nucleotide selectivity, is detrimental to viral fitness. It has become increasingly clear that increases in fidelity always come with a fitness cost, as higher fidelity mutants replicated more slowly in cell lines. 35, 36 In vivo studies in both humans and SIV-infected macaques showed that the M184V/I, 34,37 K65R, 35 and E89G 38 mutants were less fit than ''wild-type'' viruses and often reverted to wild-type in the absence of drug treatment. The in vivo fitness costs of the M184I and M184V are particularly interesting, as the M184I mutation appeared early but transiently during 3TC treatment and was replaced by the M184V mutant. 37 The M184I mutant had a higher fidelity than M184V (Table 1 ) and these data indicate that it had a greater fitness cost compared to the lower fidelity M184V. A comprehensive comparison of the fitness cost associated with changes to HIV fidelity found a significant positive correlation between fidelity and fitness cost for high-fidelity HIV mutants, and interestingly, showed that low fidelity was also associated with lower viral fitness. 36 Compensatory mutations are additional changes to the viral genome that are predicted to offset the fitness costs of an initial mutation. They often arise in the presence of selection pressures such as immune responses 38 or drug treatment 39 and are associated with the presence of known drug escape mutants. Compensatory mutations do not confer resistance themselves, but they can restore partial replicative fitness. 40 Examples of this are the A62V and S68G mutations that increase the fitness of the K65R mutant of RT. 40 Many higher fidelity mutants are associated with compensatory mutations, 39, 41 supporting the prediction that increased fidelity comes at a cost. It is likely that the level of HIV-1 replication fidelity that achieves optimal fitness is actually a balance, whereby too high fidelity as well as too low fidelity decreases fitness. It is predicted that mutation rates of RNA viruses such as HIV sit near a critical ''error threshold'' considered to be near a theoretical ''extinction threshold.'' 42, 43 The effect of lowering fidelity further is predicted to make the genome unstable, producing too many nonviable HIV genomes. Certainly there is evidence that too many mutations can decrease the fitness of a quasispecies, as demonstrated in studies of the aforementioned APOBEC3G. In the absence of Vif, HIV could not suppress the activity of APOBEC3G and underwent hypermutation, crippling the virus. 44 Dapp et al. 45 demonstrated a negative correlation between mutation frequency and viral fitness for low-fidelity mutant HIV strain and that even relatively small increases in mutation rates decreased fitness. Further evidence comes from the Q151N mutation, which has a very high fidelity compared to other RT mutants (Table 1) . 46 RT carrying Q151N has 13-fold lower incorporation of incorrect endogenous nucleotides 47 during lacZa reporter gene assays. This is likely due to its 15.9-fold decreased ability to extend past a mismatch in kinetics assays. 46 Q151N was created in a mutagenesis study, based on the Q151M NRTI-resistant mutation that has a small increase in fidelity. The Q151N version is also drug resistant, but rarely arises in patients, perhaps indicating that too high fidelity is untenable.
Potential Mechanisms Underpinning the Fitness Costs of Higher Fidelity
Studies of the fitness of higher fidelity mutants, together with the assays describing changes to RT fidelity outlined above, have provided insights into the mechanisms behind the fitness costs of higher fidelity. We discuss three potential mechanisms for the decreased fitness of higher fidelity HIV-1: (1) a smaller pool of mutations available to facilitate escape from immune or drug control, (2) a reduced processivity and/or rate of replication, and (3) a lowered affinity for dNTPs that may limit the tropism of the virus.
A reduced pool of mutations available to facilitate escape from immune responses and from drug treatments is the 12 LLOYD, KENT, AND WINNALL logical outcome of an increase in fidelity of replication, although a demonstration that this occurs in vivo is currently lacking. A large pool of mutations would certainly be an advantage in the presence of drugs or a healthy immune system, and it makes vaccination against HIV very difficult. Many studies that tracked the escape of HIV during infection from immune pressures such as neutralizing antibodies, CTL responses, and antibody-dependent cellular cytotoxicity showed that specific mutations are commonly associated with escape from these immune pressures. [48] [49] [50] Similarly, a plethora of drug-resistant mutations consistently arises during treatment. 11 It is logical to predict that a virus that produces a smaller pool of mutations due to higher fidelity will have a reduced capacity to overcome these pressures.
A high-fidelity mutant may not have reduced fitness in hosts with depleted immune systems. Supporting this point is the discovery of a naturally occurring higher fidelity RT mutant, V148I, which is in a conserved region of the simian immunodeficiency virus. 51 This V148I mutation arose in the absence of drug treatment during the late stage of infection where immune pressure was diminished due to CD4 T cell depletion and clonal exhaustion. It is possible that under these conditions, a higher fidelity of replication may reduce the number of nonviable mutant viruses produced.
A second potential mechanism underpinning the reduced fitness of higher fidelity RT mutants is a reduction in the rate of replication and/or processivity of the RT. An RT mutant that is more selective for correct dNTPs is likely to polymerize DNA more slowly. Numerous studies that determined a lower V max or K m (Table 2 ) for many higher fidelity RTs supported this prediction. 52, 53 Furthermore, many higher fidelity mutant RTs have been shown to have a lower processivity, 47, 54, 55 which is defined as the length of time the enzyme remains associated with the nucleic acids. Processivity, however, is not a direct measure of the rate of replication, and strand transfer can occur when the RT dissociates, continuing polymerization. 12 Our understanding of the relationship between fidelity and processivity is evolving. Although there is evidence for a negative relationship between processivity and fidelity of M184 mutants, 56 ,57 similar studies with RTs harboring L74V and E89G found no such relationship. 58 Furthermore, emerging evidence suggests that the apparent processivity defects of K65R, M184, and Q151N may be due to the altered dNTP affinity of these mutants. 55, 59, 60 Finally, a reduction in dNTP affinity of some higher fidelity mutants is proposed to limit the tropism of HIV, thereby reducing the fitness of HIV in vivo. The increased selectivity of high fidelity mutants is often modulated by active site changes that lead to a decrease in dNTP affinity. 22, 61 The consequences of this have been analyzed in the context of both polymerization kinetics and virus tropism. Cell-based assays have shown that the Q151N and M184V/I mutants had severely reduced growth in primary cells with low dNTP concentrations. 56, 60 The K65R mutant also had a lower affinity for dNTPs, but its ability to infect cells with lower dNTP concentrations remains poorly characterized. Since HIV-1 can target cells such as macrophages that contain low dNTP levels, a lower dNTP affinity is predicted to limit viral tropism in vivo, thereby reducing the fitness of the virus. In this manner, the lower dNTP affinity associated with higher fidelity may have a specific selective disadvantage, in addition to the general impact on the rate of replication.
The Next Generation of Fidelity Analysis: High-Throughput Sequencing While assays that measure the biochemical properties of RT and the cell-based LacZa assays quantifying mutation rates have provided important mechanistic information, a measure that analyzes total misincorporation during HIV replication in vivo would greatly contribute to our understanding of the relationship between fidelity and fitness. Prior to the emergence of high-throughput ''Next-Generation Sequencing'' technologies, the direct detection of viral genome mutations involved cloning and sequencing individual genomes, a process that is time consuming, expensive and yields limited data, in that only a very small proportion of genotypes present in the plasma of a patient, for example, would be analyzed. High-throughput sequencing now provides the means to take a ''snapshot'' of the entire viral population at a given time. 62, 63 Sequencing platforms such as Illumina, SOLiD, and Ion Torrent generate millions of sequencing reads per run, providing the depth necessary to theoretically analyze all of the HIV genomes present in a patient sample. 64 These techniques are currently revolutionizing the study of HIV sequence diversity, with applications ranging from drug resistance monitoring to exploring the total antibody response, 64, 65 but they have yet to be applied to questions of viral fidelity in published studies.
There are technical challenges that need to be overcome to accurately measure the replication fidelity of different HIV strains in vivo. If higher fidelity mutants are less fit, then they will likely produce fewer viral particles than wild-type virus. Consequently, they may produce fewer mutations as a result of decreased replication rather than an increase in fidelity. Similarly, fitness costs increase the likelihood of reversion, especially in vivo, and a mixed population of WT and RT fidelity mutants would complicate fidelity measurements. Nevertheless, high-throughput sequencing has enormous potential and promises a much greater exploration of the genomic population of higher fidelity mutants and is the key to increasing our understanding of the cost of fidelity.
High-Fidelity Viruses as Live-Attenuated Vaccines
Live attenuated vaccines have proven effective in the prevention of many viral diseases such as smallpox, polio, and measles. 42 Early vaccine strains were derived empirically through passaging in cell lines; however, rational attenuation of viruses is now a common approach. RNA viruses that harbor extensive genetic diversity are particularly challenging candidates as they are more likely to escape the attenuation through mutation, and low-frequency mutants may escape vaccine-elicited immune responses. Attenuation of RNA viruses by increasing their replication fidelity is one possible strategy for designing live-attenuated viruses. 42 One example is a poliovirus variant with increased replication fidelity, which as a live-attenuated vaccine successfully protected mice from lethal doses of poliovirus. 66 An interesting alternative to highfidelity live-attenuated vaccine design is a severe acute respiratory syndrome (SARS)-coronavirus vaccine candidate that has a reduced fidelity of replication, sufficient to attenuate the virus while affording protection in a mouse model. 67 It is possible that a mutant HIV strain with increased replication fidelity could make an effective live-attenuated vaccine. However, use of a live-attenuated HIV vaccine in humans seems unlikely to become a reality due to safety and efficacy concerns. Regardless, studies of live-attenuated SIV vaccines in macaques have provided useful information on the types of immune responses necessary to prevent SIV infection, 68, 69 making an important contribution to the understanding of effective vaccine-induced immunity to HIV.
Conclusions
A higher fidelity of HIV-1 replication is predicted to come at a cost to the fitness of the virus. Overall, the level of HIV RT fidelity is likely to be a balance in which too high fidelity leads to a reduction in viral fitness but too low fidelity is also detrimental to the propagation of the virus. Manipulation of viral fidelity is therefore a possible route for controlling the virus. Understanding the relationship between fidelity and viral fitness will lead to a better appreciation of HIV evolution and the potential for controlling the virus. This will certainly be enhanced by the application of high-throughput sequencing to study the fidelity of replication in vivo.
